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CDMA  Reverse  Link  Spatial  Combining  Gains:  Optimal  vs.  MRC  in  a  Faded 
Voice-Data  System  Having  a  Single  Dominant  High  Data  User 
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Ahstrach-  Tlie  per  user  carricr-lo-interferencc  ratio  (Cl NR) 
enhancement  in  the  Reverse  Link  (mobile  to  hasc  station)  of  a 
CDMA  coninumications  system  is  analyzed  using  different 
antenna  array  spatial  combining  algorithms;  Optimum 
Combining  (OC)  versus  Maximal  Ratio  Combining  (MRC)  in 
a  multi-rate  (combined  voice  and  data  users)  multi-antenna 
scenario.  Many  low  data  voice  users  and  a  single  dominant 
high  data  user  arc  used  to  achieve  a  high  degree  of  colored 
spatial  interference  in  the  analysis.  The  ratio  of  the  CINR  for 
OC  vs.  MRC  is  directly  analyzed,  i.e.  Z=CINRoc/CINRmrc 
instead  of  separate  analysis  of  each  CINR  term:  CiNRoc  ^'^d 
CINRimrc  'vitb  later  comparison.  Exact  solutions  are  derived 
for  the  statistics  of  a  per  user  CINRqc/CINRmrc 
improvement,  as  a  function  of  the  high-level  interference 
power  to  background  noise,  and  is  compared  with  CDMA 
Reverse  l.iiik  Monte  Carlo  simulations. 

1.  lNrK()[)UCTI()N 

Cdma2000-EV,  WCDMA  and  other  next  generation  code- 
division  multiple  access  (CDMA)  systems  offer  voice  and 
high  data  u.scr  traffic  on  the  Forward  (base  station  to 
mobile)  and  Reverse  Link  (mobile  to  base  station).  Each 
of  these  systems  employs  multi-rate  signaling:  low  and 
high  power  or  data  rate  signals  that  can  color  the 
background  interference  spatially. 

In  a  spatially  uncolored  or  white  noise  environment,  the 
OC  spatial  matched  filter  (spatial  combining  algorithm) 
performs  equivalently  to  MRC,  i.e.  the  same  final 
combining  weight  .solution  for  the  antenna  weights. 
However,  OC  combining  can  offer  gains  over  MRC  when 
the  .spatial  noise  has  a  high  degree  of  spatial  coloring  (ratio 
of  data  users  power  to  background  noise). 

In  fl],  an  analysis  of  one  dominant  high  power  user 
relative  to  background  noise  was  analyzed  for  the  OC 
CINR.  [2]  extended  the  results  of  [1]  providing  a 
comparison  of  OC  vs.  MRC  while  providing  simulations 
with  the  number  of  interference  terms  greater  than  1 .  [3-7] 
recently  have  further  extended  results  analyzing  stand¬ 
alone  OC  CINR  with  extensions  to  multi-high  power 
interferes  and  reference  to  MRC  to  include  stronger  closed 
form  solutions  for  CINR  and  in  specific  cases  Bit  Error 
Rate. 
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The  direct  analysis  of  Z  instead  of  separate  analysis  of 
the  OC  and  MRC  CINR  for  one  high  power  user  offers  a 
simplified  analytical  treatment,  additional  insight  into  true 
spatial  combining  algorithm  gain  differences,  and  more 
direct  mapping  to  final  system  CDMA  capacity 
improvements  [8]. 

Section  11  describes  the  general  system  model.  Section 
III  develops  the  CINRmrc  and  CINRqc-  The  statistics  of  Z 
are  developed  in  Section  IV.  Section  V  compares  CDMA 
Reverse  Link  Monte  Carlo  Simulations  with  the  developed 
analytical  results. 

If  System  Modfx 

We  define  a  simplified  multi-rate  (mixed  voice-data) 
power  distribution  model  for  the  CDMA  Reverse  Link  in 
this  section. 

A.  System  Parameters 

A  Rayleigh  fading  channel  model,  imcorrclatcd  fading 
between  antenna  elements,  perfect  average  power  control, 
other  ecll  interference  modeled  as  many  low  data  users, 
and  perfect  estimates  of  all  parameters  arc  assumed  in  the 
model. 

Our  model  singles  out  a  low  data  user,  x(t),  with 
imcorrclatcd  fading  across  antennae  noted  as  parameter  d  , 
a  high  data  user,  y(t),  with  imcorrclatcd  fading  across 
antennae  noted  as  parameter  0  ,  and  a  white  noise  term, 

n(t),  that  includes  the  thermal  background  noise  plus  all 
other  low  data  CDMA  multiple  access  interference  (MAI) 
terms: 

u{t)  =  x{t)d y(t)0  (1) 

where  the  signal  u{t)  represents  the  received  vector 

waveform  on  the  0:m-l  antenna  elements  in  the  antenna 
array. 

The  equivalent  white  noise  term  on  each  antenna  clement 
is  assumed  complex  Gaussian  (circular  Gaussian).  The 
noise  on  all  the  antenna  elements  arc  i.i.d.  with  zero  mean 
and  variance  equal  to  i.e.  N Therefore, 

the  outer  spatial  correlation  matrix  of  the  white  noise  term, 

,  reduces  to  a  constant  times  the  identity 


matrix/?  =  •  I  •  The  equivalent  white  noise  term  is 

assumed  uneorrclated  with  x(t),  y(t),  a  and  p  . 

The  power  in  signal  x(t)  is  £*[.t(/)  jc(/)*J=rr^^  and  the 
power  in  signal  y(t)  is  E[v(t)  y(/)‘  ]=  • 


B.  Spatial  Combiner 

The  spatial  combiner  weights  the  received  antenna  samples 
in  order  to  recover  the  desired  signal  in  the  presence  of 
noise  and  interference. 

We  define  the  low  data  user  received  waveform  as 
/7.(/)  =  A(r)a  and  the  interference  to  the  desired  low  data 

user  as  /7,(/)  =  +  n(t)  (tlic  sum  of  the  high  data  user 

and  white  noise).  The  CINR  of  the  low  data  user  can  then 
be  expressed  as: 


CINR  =  E 
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where  the  signal  correlation  matrix  is  defined  as: 

=  £‘[/7  ^  J  =  E[x{i)ad^^ x{iy  \  =  (r]dd” 

and  interference  correlation  matrix  is  defined  as: 


(2) 

(3) 


R,  =  ]=  I  +  (t]M"  ■  (4) 

where  d”  is  defined  as  the  complex  conjugate  transpose 
of  d  . 


111.  ClNRoc  and  CINRmrc  Di:rivations 

The  ClNRs  for  !V1R(7  and  (X':  C1NRm)^c  and  ClNRor  arc 
developed  in  this  .section. 


A.  MRC  Combining  and  CINRmrc  Derivation 

The  Maximal  Ratio  Combining  (MRC)  algorithm  weight 
vector  for  a  specific  user  is  defined  as  the  ratio  at  each 
antenna  clement  of  the  users  desired  received  signal 
voltage  to  the  total  antenna  noise  power  [9]. 

The  MRC  weight  algorithm  used  here  is  simplified  via 
the  a.ssumption  of  common  antenna  noise  power  on  each 
antenna.  Tlic  MRC  combining  weight  is  then  defined  as: 


In  general  CINRmkc,  using  (2)  and  (5),  is: 


-// 


=  (T, 


{d"d^ 

^  a"  R, a 


(S) 


(ft) 


We  substitute  (4),  the  desired  users'  interference  outer 
spatial  correlation  matrix,  into  (6)  and  obtain  the  CINRmrc 
for  the  desired  user  in  our  system  described  via  (1): 


ClNRf^ff^f^  — 


COS(<0^  y))' 


(7) 


where  in  (7),  we  use  vector  notation  that  defines  the  angle 
between  two  vectors,  over 


related  to  the  two 


vectors’  inner  product  and  their  respective  norms  as  [10]: 


P"a 


\a\ 


(8) 


B.  OC  Combining  and  ClNRoc  Derivation 

The  general  equation  for  the  OC  weight  that  maximizes  the 
CINR  in  (2)  can  be  written  as: 

'n,.,  =  ft’, '«  (9) 

where  yj^'is  rclatccl  to  that  Rp  is  the  total  received 

correlation  matrix,  R^ ,  minus  the  desired  users  correlation 
matrix,  cT^dd^C 

In  general  ClNRoc,  using  (2)  and  (9),  is: 

-  =  d’’ RJ^d 


CINR^  ^  “,^ft.‘V  _  ^2  -//  „-i  - 


^oc  -  n  - — (10) 

The  structure  of  the  interference  correlation  matrix  in  (4) 
allows  for  a  simple  method  to  find  the  inverse  correlation 
matrix  via  the  Matrix  Inversion  Lemma  [11].  The  inverse 
correlation  matrix  is  reduced  to: 

ft,''  =  +  (ylP" cyp]' y  K'  (I  I) 

"i  PP”  ' 

fxVfTj +/)"/) 

Equation  (1  1)  in  combination  with  (9)  allows  the  optimal 
weight,  IV  ,  to  be  described  as: 
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a- 


Using  (12)  in  (10)  yields  the  OC  CINR  as: 


211  Ip 
cTt\\a\\ 


^\\  n\\2 


(12) 


(13) 


IV.  Z-CINRoc/CINRmrc;:  STATISTICS  AND  ANALYTICAl. 
SOLUTIONS 

The  statistics  of  the  ratio  Z^CIURmrc/CINRoc  are  derived 
in  this  section. 


A .  Developing  the  Ratio  of  CINRpc^CINR mrc 

Taking  the  ratio  of  the  OC  CINR  to  the  MRC  CINR  allows 
for  a  direct  evaluation  of  the  gain  using  OC  versus  MRC  in 
a  colored  spatial  interference  environment.  Additionally, 
using  the  ratio  of  CINRqc/CTNRmrc  allows  the  desired 
users  channel  fading  eocffieient,  ||^||\  to  be  factored  out 

and  results  in  a  simplified  statistical  analysis. 

We  define  Z  to  be  the  ratio  of  CINRoc/CINR^rc  tts: 


CINIi^. 


a  Nil, 


(14) 


where  in  (14),  Z  is  seen  dependent  upon  \\pf  y  (p.  y  ^»nd 


cj^  jal  •  Pquation  (14)  ean  further  be  simplified  to: 

#11  A,.-  #)=•  V - - 


(15) 


Noted  observations  on  the  pcrfoimanec  difference 
between  OC  and  MRC  from  (15)  are: 

1)  The  minimum  ^ain  ratio  is  always  L 

2)  OC  performs  equivalent  to  MRC  when  the  ratio  of 
the  high  data  users  power,  a]*  small  compared  to 

the  background  thermal  noise  power  . 
Additionally,  deep  fades  of  the  high  data  user  will 
decrease  the  gain  ratio. 

3)  When  the  low  data  u.sers  channel  vector,  a,  and 
the  high  data  u.sers  channel  vector,  p ,  are  0  degrees 
apart,  both  OC  and  MRC  perform  equivalently.  This  is 
analogous  to  the  low  data  user  and  high  data  user 
.spatially  located  in  the  saute  direction. 

4)  When  the  low  data  u.sers  channel  vector,  d,  and 
the.  high  data  u.sers  channel  vector,  p ,  are  90  degrees 
apart,  both  OC  and  MRC  perform  equivalently.  As  OC 
.seeks  to  find  the  portion  of  the  law  data  users  signal 
spatially  orthogonal  to  the  high  data  u.sers  signal  (max 
CINR),  when  the  vectors  are  already  90  degrees  apart, 
the  two  vectors  are  already  orthogonal,  and  MRC  by 
circumstance  will  perform  as  well  as  OC. 


B.  Angle  Distribution  Between  Two  Channel  Signatures 

The  veetor  angle  difference  between  the  desired  low  data 
user  channel  signature,  d  ,  and  the  high  data  user  channel 
signature,  p ,  will  change  as  a  function  of  time  due  to  the 
inherent  changes  in  the  channel  and  plays  an  important  role 
in  the  gain  of  OC  versus  MRC. 

We  seek  to  find  Z  independent  of  p  : 

#lf -^7^.')=  /I  /)  ('f>) 

0 

We  first  define  the  normalized  channel  signature 

;;;__(^and  note  d  to  be  independent  of  the  underlying 
a 

channel  signature  norm,  ||a||.  The  independence  of  d  with 
||a||  is  valid  if  <5 ,  is  a  m-variatc  spherical  distribution  with 

mean  equal  to  zero  [12].  The  components  of  the  Rayleigh 
fading  channel  signature,  complex  Gaussian  di.stribiitcd 


with  mean  zero,  yield  a  spherical  distributed  channel 
signature. 

We  use  the  independence  assumption  of  d  to  jaj  £tnd 
note  that  the  distribution  of  the  angle  difference, 

in  (16),  is  dependent  upon  the  dimension  of  the  underlying 
vectors  (the  physical  number  of  antennae)  with 

distributed  as  a  Beta  function  [13,6]. 

We  define  a  constant,  to  he  equal  to: 

ir 

a  (>7) 

n 

..  (»>-■) 
m  •  {ru  + 1 ) 

where  the  moment  of  the  Beta  function,  Bp^,  for  integer 
valued  p=l  and  q=in-l  is  defined  in  [14]. 

The  PDF  of  two  independent  Rayleigh  vectors’  angle 
differences,  versus  a  different  number  of 

antenna  elements  was  empirically  determined  using  a 
Monte  Carlo  simulation  (not  shown  here).  The  results 
yielded  that  as  the  number  of  antennae  gets  large,  the  angle 
difference  inherently  tends  to  become  more  orthogonal  due 
to  the  higher  veetor  space  dimensionality  (lower  P,^  for 
higher  m).  Noting  comment  4  in  Section  IV-A,  for 
increasing  number  of  antennae,  MRC  will  tend  to  perform 
closer  to  OC. 

Z  is  now  written  independent  of  0  but  still  dependent 
upon  ||/?||^ ,  a^al ,  and  P,„; 


CINR,,. 

CINR,,,,. 


W 


( \  CDT  and  RDF  of  '/=i  INRoi  ^ClNRsmc 

The  statistics  of  Z  give  insight  into  the  behavior  of  Z 
versus  degree  of  .spatial  coloring.  The  PI3F  and  CDF  of  Z 
are  developed  in  this  section. 

Starting  with  (18)  while  using  change  in  variables  and 
solving  for  the  root  of  the  resulting  equation,  we  find  the 
CDF'  ofZ  in  terms  of  (he  CDF  of  X: 


b\ 


=  ^,P 


=  C, 


IC 


■>  +  a/>+4P,/(z-|) 


(!<)) 


where  the  CDF  of  X  is  the  CDF  of  a  ehi-squarc  random 
variable  (^=:||^|F)  with  n=2m  degrees  of  freedom  (ni  is 


the  number  of  antennae). 

We  solve  for  the  PDF  of  Z  using  Leibniz’s  Rule,  noting 

ffz)=  y  while  defining  the  variance  of  each 

dz 

Gaussian  random  variable  making  up  the  chi-square 


distribution  to  be  0.5  (such  that  the  average  ehannel  gain  is 
one)  to  obtain: 

-2c* 


fXz,c-  =0-1  = 


2P 


_ m: 

(m-])\  (z-lf 


where  /,  _ 


/)  =  -!+  11  + 


(z-1) 


Figure  I  plots  the  PDF  of  Z  vs.  ' 


5,0)  using  (20).  The  PDF  of  Z  is  shown  to  be  near  singular 
for  low  (yllo^  (equivalent  statisties  for  OC  and  MRC). 


Probability 


Probability 


(a) 


Linear  gain  of  z 


(b) 


TABLE  I 


Average  Z  versus  =  cj'^ j (j-  fox  Different  Number  of 

Antennae  Assuming  Rayleigh  Faded  Channels  with 
(j\  =0.5 


No. 

Ant 

m 

Z 

average  of 
f  ■>  ^ 

2  _ 

'Gain  Ratio 

 CINR^^ 

2 

l  +  °-'f  .(2-c^+c^-c^cxp(c^).A'/(l,c-0) 

c 

4 

,  0.150 

f  4  X  10  \ 

4-c^  -V- - +  — cxp(c^)-  ii/(l,c^) 

[  3  6  6  6  ^  ^ 

V.  Rrvrrsg  Link  Simulations  versus  Theory  and 
Expected  Capacity  Gains 

A  Monte  Carlo  simulation  of  the  CDMA  Reverse  Link  was 
developed  and  run  to  understand  the  ability  of  the 
theoretieal  model  in  (22)  to  aeeurately  prediet  the  average 
value  of  Z. 


Figure  1.  PDF  of  Z=CINRoc/C1NRmrc  vs. 
antennae,  b)  Four  antennae. 


D.  A  vernge  Gain  ofZ~  Cl  NR  ( x/ Cl  NR  xmc 
The  average  value  for  Z  given  m,  the  number  of  antenna 
elements,  and  the  ratio  of  baekground  noise 

power  to  high  data  rate  user  power,  is  derived  in  this 
seetion  and  is  useful  to  determine  the  average  CINR 
inei  eases  using  OC  versus  MRC. 

'The  average  value  ofZ  is  found  by  integrating  (15)  over 
the  veetor  angle  differenee,  and  the  fading  PDF  of 

the  high  data  user  (PDF  of  x  )* 


\  ^  2  /  2  T 

CT-l  .  ^  (21) 


(y~ 


on  V 


’•  / 


We  solve  (21)  using  (18)  while  integrating  over 
A'=||/y|p.  Defining  an  average  ehannel  gain  of  one,  we 


obtain  an  exact  expression  for  the  average  value  of  Z 
dependent  upon  m  and  : 


Z(m,c’)=l  + 


c’(m+l)? 


r=0 

,+  (-  I )”  "  L'  cx  p(c^ )  •  £'■  (l .  ), 


(22) 


where  =  |cxp(^jr  0^^ 

I  ^ 

Table  1  illustrates  the  average  value  of  Z,  using  (22),  for 
the  speeial  cases  of  m=2  and  4  antennae. 


A.  Sinn  flat  ion  Parameters 

The  simulation  uses  the  same  model  as  (1),  i.e.  one  low 
data  user,  one  high  data  u.ser,  and  haekgroiind  noise. 

Fn  the  simulation  the  following  additional  assumptions  are 
made: 

1)  The  nser-to-nser  cross-eorrelation  properties  of  the 
PN  sequences,  which  comprise  the  CDMA  signals, 
lowers  the  nser-to-nser  cross  terms  info  the 
background  noise  floor.  This  assumption  is  used  both 
for  the  on-diagonal  and  the  off-diagomd  elements  of 
the  received  waveform  outer  spatial  correlation  matrix. 

2)  Each  time  index  in  the  simulation  is  a  completely 
new  Ravleigh  faded  channel  signature.  Therefore,  the 
simulation  covers  the  entire  range  of  fading.  ||^||“  and 

,  aifd  vector  angle  difference,  ^ 

CINR  samples  using  OC  weights  (9)  and  MRC  weights 
(5)  were  generated.  The  ratio  of  the  simulated  values  for 
ClNR()c  and  CINRMRr  were  then  used  to  obtain  simulated 
statisties  for  Z. 


B.  Reverse  Link  Simulations  vs  Theoretical  Result.s 

Simulations  for  the  average  value  of  Z  were  run  for  2 
antennae  and  4  antennae  configurations  versus  ■ 

Figure  2  plots  (22)  and  its  corresponding  simulated  value. 
Figure  2  compares  well  with  results  in  [2],  Figures  4  and 

8. 


Figure  2.  Average  Z=CINRoc/CFNRmrc  for  Different 
Number  of  Antennae  and  Degree  of  Spatial  Coloring 
Assuming  One  High  Data  Rate  Interferenee  Term  and  All 
Users  Rayleigh  Faded  (ehi-sqiiare  cr^.  =0.5)- 

Figure  3  illustrates  output  simulated  CDFs  of  a  low  data 
user’s  CINR  output  for  OC  and  MRC  at  =  I 

Figures  3-b  and  3-d  illustrate  the  normalized  or  mean  zero 
simulated  CDFs  of  a  low  data  rate  user’s  CINR  using  OC 
and  MRC  to  be  near  equivalent.  This  observation  supports 
the  notion  of  near  equivalent  higher  order  moments  or 
statisties  of  the  users  CINR  for  low  values  of  spatial 
coloring  (as  previously  illustrated  in  Figure  I). 

VI.  ('ONC’i  nsioN 

Closed  form  solutions  were  developed  for  the  .stati.sties  of 
Z,  the  ratio  of  CINRs  using  OC  versus  MRC,  for  one 
dominant  high  data  rate  user.  These  expressions  are  used 
to  define  the  differenee  in  aehievable  (or  realizable)  gain  of 
OC  vs.  MRC  in  Ihe  Reverse  Link  of  a  typieal  CDMA 
multi -rate  system. 

The  results  developed  for  average  Z  allow  a  direct 
calculation  for  the  increase  in  the  number  of  low  data  users 
and  overall  system  capacity  using  OC  vs.  MRC. 

The  analytical  results  for  Z  were  shown  to  compare  well 
with  simulations. 


kclerences 

f  I]  V.M.  Bogachev  and  I.G.  Kiselev,  “Optininm  Combining  of 
Signahs  in  Space-Diversity  Reception,”  Telecom mun.  Radio  Eng, 
Vol  34/35.  No.  10,  pp.  83-85,  Oct.  1980. 

[2]  J.ll.  Winters,  “Oplimum  Combining  in  Digital  Mobile  Radio 
with  CochanncI  Intcifcrcncc”,  IEEE  Trans.  Vch.  Tcclinol.,  Vol.  VT- 
33,  Aug.  1984,  pp.  144-155. 

f31  13.  Rao,  M.  Wcnglcr,  and  B.  Jiidson,  “Pciformancc  Analy.sis  and 

Comparison  of  MRC  and  Oplimal  Combining  in  Antenna 
Sy.slems,”  Proc.  of  the  IEEE  Conf.  On  Acoustics,  Speech,  and 
Signal  Proc.  Utah,  May  2001. 


MRC 

\ 

r 

} 

OC 

(a) 


-60  -40  -20  0 


(b) 


-40  -20  0  20 


(c) 


(d) 


Figure  3.  CDF  of  a  Low  Data  Rate  User’s  CINR 
Employing  OC  and  MRC  for  One  High  Data  Rate  UsScr 
with  zz\  \  a)  Raw  CDFs  for  2  antennae,  b) 

Normalized  CDFs  for  2  antennae,  c)  Raw  CDFs  for  4 
antennae,  d)  Normalized  CDFs  for  4  antennae. 


[41  A.  Shah  and  A.  Haimovich,  “Performance  Analysi.s  of  Oplimum 
Combining  in  Wireless  Commiinicntinii.s  with  Rayleigh  Fading  and 
CochanncI  Inlcfcrcncc,”  IEEE  Trans.  CUimmiin.,  Vol.  46,  pp.  473- 
479,  Apr.  1998. 

(5]  E.  Villcr,  “Performance  Analysis  of  Oplinuim  Combining  with 
Multiple  Interferes  in  Flal  Rayleigh  Fading,”  IEEE  Trans, 
f'ommiin.,  Vol.  47,  pp.  1 503-1 5 10,  Oct.  1999. 

f6]  II.  Gao,  P.J.  Smith,  and  M.V.  Clark.  “Theoretical  Rcliabilily  of 
MMSE  Linear  Divcrsily  Combining  in  Raylcigh-I'ading  Additive 
Inicrfcrcncc  Channels,”  IEEE  Trans.  Commun.,  Vol.  46,  pp.  666- 
670,  May  1998. 

[7]  Simon,  M.K.  and  Alouni,  M.,  “Digital  Communicalion  over 
Fading  C'hanncis;  A  Unified  Approneh  to  Performance  Analysis.” 
f'hapl.  10.  John  Wiley  4^  Sons,  Inc,  2000. 

[8]  J.P.  Burke  and  J.R.  Zcidicr,  “Data  Throughput  in  a  Multi-Rale 
CDMA  Rcvcr.se  Link'  C'ompaiing  Optimal  Spalial  Combining  vs. 
Maximal  Ratio  Combining.”  .Suhmitlcd  for  publication  lo 
(jlobccom  2001. 

19)  W.C.  Jakes,  “Microwave  Mobile  C  omnuiniealioiis,”  pg.  3  16. 
IEEE  Press,  1974. 

n  0]  P.  Broekwcll  and  R.  Davis,  “Time  Scries:  Theory  and 
Mclhods,”  Second  Edilion,  pg  42-45.  Springcr-Verlag,  1991. 

f  1 1  ]  S.  I  laykin,  “Adaptive  Filler  1‘lieoi  y,”  I  bird  Ivdition,  pg  565. 
Prentice  1 1  all,  1996. 

f  1 2)  R.J.  Muirhead,  “A.spcels  of  Multivariate  Statistical  Thcoiy,”  pg 
38.  John  Wiley  &  Sons,  1982. 

f  1 3)  Personal  discussion  with  Dr.  Bhaskar  Rao,  with  the  Center  for 
Wireless  Communications,  Univ.  of  C!alifornia-San  Diego. 

[14]  N.L.  Johnson,  S.  Kol/.,  and  N.  Balakrislinan,  “Continuous 
Univarialc  Distributions,”  Vol.  2.  John  Wiley  &  Sons,  1995. 


